Abstract. This paper presents the mission analysis, requirements, system design, system level test results, as well as mass and power budgets of a 1-unit CubeSat ESTCube-1 built to perform the first in-orbit demonstration of electric solar wind sail (E-sail) technology. The E-sail is a propellantless propulsion system concept that uses thin charged electrostatic tethers for turning the momentum flux of a natural plasma stream, such as the solar wind, into spacecraft propulsion. ESTCube-1 will deploy and charge a 10 m long tether and measure changes in the satellite spin rate. These changes result from the Coulomb drag interaction with the ionospheric plasma that is moving with respect to the satellite due to the orbital motion of the satellite. The following subsystems have been developed to perform and to support the E-sail experiment: a tether deployment subsystem based on a piezoelectric motor; an attitude determination and control subsystem to provide the centrifugal force for tether deployment, which uses electromagnetic coils to spin up the satellite to one revolution per second with controlled spin axis alignment; an imaging subsystem to verify tether deployment, which is based on a 640 × 480 pixel resolution digital image sensor; an electron gun to keep the tether at a high positive potential; a high voltage source to charge the tether; a command and data handling subsystem; and an electrical power subsystem with high levels of redundancy and fault tolerance to mitigate the risk of mission failure.
INTRODUCTION
Spacecraft propulsion is an important factor in space exploration. With the high cost of missions due to the mass and high safety risks of conventional chemical propulsion systems, other propulsion methods have started to become more popular in recent years. For example, solar sails have been studied and tested in the last decade [1] [2] [3] . An alternative method of spacecraft propulsion is to use the solar wind momentum flux. Zubrin and Andrews [4] suggested creating an artificial magnetosphere around the spacecraft to extract momentum by deflecting the solar wind from it. Another way of tapping solar wind momentum by using an electric sail is the electric solar wind sail (E-sail) invented by Janhunen [5] [6] [7] [8] [9] . The E-sail consists of a number of long and thin conductive wires or tethers, which are kept at a positive potential with the help of an onboard electron gun. The concept is promising because of a large effective sail area with a relatively low mass providing a high and constant level of thrust. However, in-orbit demonstrations of E-sail technology have not been carried out.
To validate the plasma physics aspect of the E-sail concept, it was planned to measure the electrostatic force acting on a charged tether in a moving plasma stream [8] . This validation can be performed in a Low Earth Orbit (LEO) where ionospheric plasma is moving relative to the satellite due to its orbital motion. In order to carry out the experiment, a list of engineering and technological challenges have been solved:
• design and production of the tether [10, 11] ; • development of a tether deployment subsystem [12] ; • development of an attitude determination and control subsystem for centrifugal tether deployment [13, 14] ; • development of a tether end mass (a mass at the end of the tether) imaging subsystem for monitoring tether deployment [15] ; • development of an electron gun for keeping the tether at a high positive potential [12] ; • development of a high voltage source for charging the tether and for powering electron guns [12] . A nanosatellite, ESTCube-1, has been developed to demonstrate the performance of the listed technologies and to perform the first in-orbit demonstration of the E-sail concept. ESTCube-1 is a 1-unit CubeSat built according to the CubeSat standard [16] . Its dimensions are ≈ 10 cm × 10 cm × 10 cm and the mass is 1.050 kg. The satellite is developed to perform the following tasks for the tether experiment. 1. Spin up to one revolution per second, with controlled spin axis alignment with the Earth polar axis (Fig. 1) to centrifugally deploy the tether. 2. Deploy a 10 m long tether while verifying it by imaging the end mass of the tether and by monitoring changes in the spin rate. 3. Charge the tether synchronously with the satellite spin and measure changes in the spin rate, in effect the E-sail force (Fig. 2) . The limited size sets strict requirements to the payload, which should fit in 3 cm × 10 cm × 10 cm. The peak power consumption should be less than 6 W. A 12 V power bus should be provided. To mitigate the risk of mission failure, high levels of redundancy and fault tolerance have been provided in a command and data handling subsystem [17] and an electric power subsystem [18, 19] . In this article, we analyse the mission, describe the satellite design, and present the results of system level tests. The satellite design provides a detailed system level description and an overall subsystem level description, which includes the purpose, upper level requirements, and technical solutions. Detailed subsystem level descriptions and characterizations are presented in other articles in this issue [12, 14, 15, 17, 19] .
MISSION ANALYSIS
The main mission of ESTCube-1 is to test technologies required for a full-scale E-sail mission and to perform the proof of concept measurement of the E-sail effect. The secondary mission is to use the same technology for the reduction of the orbital velocity of the satellite. The tether end mass imaging subsystem will be utilized to take images of the Earth.
ESTCube-1 will deploy a single 10 m long tether that uses a centrifugal force. Instead of the solar wind, ionospheric plasma will move relative to the satellite due to the orbital motion of the satellite. To provide the centrifugal force, the satellite is required to spin up to one revolution per second with controlled spin axis alignment with the polar axis of the Earth (Fig. 1 ) using electromagnetic coils. The tether will be charged synchronously with the satellite spin (Fig. 2) . The electrostatic force acting on the charged tether will be estimated by measuring changes in the spin rate. If the tether is charged when moving in the opposite direction to the plasma stream, the spin rate will decrease over time, and if charged when moving in the same direction, the spin rate will increase. Due to the low mass of the tether (≈ 0.1 g) and the end mass (1.2 g), as well as the high spin rate of the satellite (≈ 20 deg·s −1 after tether deployment), the gravity gradient effect (i.e. the gravity of the Earth pulling the tether and the end mass) is negligible.
The E-sail experiment will be run ±15 • from the geographical poles of the Earth where the spin axis is nearly parallel to the magnetic field of the Earth and the spin plane is nearly parallel to the plasma stream. With this set-up the spin axis will not tend to be turned because the magnetic Lorentz force and the E-sail force are both nearly parallel to the spin plane [8, 13] .
Compared with the solar wind environment at a distance of 1 AU, ESTCube-1 will face up to a 10 5 times denser plasma stream, which will move 50-100 times slower at a speed of ≈ 7.5 km·s −1 . The expected total E-sail force in the ESTCube-1 case is ≈ 1 µN, which is ≈ 10 times larger than the magnetic Lorentz force acting on the tether [8] .
The change of the spin rate during one polar pass while running the E-sail experiment is given by
where r is the length of the arm vector, F is the nominal E-sail force, β is the angle between the tether and the orbital velocity vector that defines the circular sector when the tether is charged (Fig. 2) , t is the time of one polar pass, and I is the moment of inertia. The expected E-sail force is too small to be detectable by a single rotation but it accumulates and is measurable after a few passes over the polar regions of the Earth. The nominal E-sail force on ESTCube-1 is 1 µN [8] . The length of the arm vector is 5 m (the middle of the tether). The moment of inertia is estimated to be 0.076 kg·m 2 [14] . The angle β is 20 • . One ±15 • polar pass lasts for 470 s (assuming the orbital period of 5640 s). Inputting all the given values to Formula (1) gives an angular velocity change of ≈ 0.5 deg·s −1 during one polar pass. When the charged tether interacts with the ionospheric plasma the orbital velocity of the satellite will decrease. This application is called the plasma brake [20] [21] [22] . After the validation of the E-sail effect the satellite will perform the plasma brake experiment by keeping the tether charged for a long period of time.
The expected mission lifetime in a 98 • inclination 660 km altitude orbit is two years. The satellite is expected to de-orbit naturally within 23 years, but it is estimated that if the plasma brake experiment were run for two months in total, the de-orbiting period would decrease by 18 months.
SATELLITE DESIGN
ESTCube-1, which is shown in Fig. 3 , has been developed to conform to the standards in CubeSat Design Specification rev. 12 [16] . This standard has been chosen for the best available launch opportunities and the ease of integration with a launch vehicle using standardized deployers.
The ESTCube-1 spacecraft consists of the following subsystems (Fig. 4) : Attitude Determination and Control Subsystem (ADCS); Electrical Power Subsystem (EPS); Communication subsystem (COM); Command and Data Handling Subsystem (CDHS); Structure (STR); tether end mass imaging subsystem (CAM); and Payload (PL), which includes the tether deployment subsystem, the high voltage source, and cold cathode electron guns. There is no thermal control subsystem because analyses indicated that no special thermal control methods (passive or active) were required. The mass and power budgets are given in Tables 1 and 2, respectively. A fault-tolerant system is critical to successfully carry out the ESTCube-1 mission. Two extremes of hardware redundancy are a completely hot or cold standby system where every critical subsystem is duplicated. The difference between them is whether the duplicate is powered on or off, respectively. On ESTCube-1, a mixed approach is implemented. On the CDHS one of the two Microcontroller Units (MCU) is on cold standby mode and the watchdog function is performed by the EPS. The satellite would remain functional even if two of the three power harvesting modules (Maximum Power Point Tracker, MPPT) of the EPS should stop working. MPPTs are also independent from the EPS's MCU. Power storage is divided into two completely redundant modules, each involving a battery and its protection/control circuitry. If a battery malfunction occurs, it can be permanently isolated from the power systems while leaving the satellite to be powered only by solar cells. For both the CDHS and the EPS, fault tolerance is being addressed at a software level as well. More detailed descriptions of all fault-tolerant methods used in the CDHS and the EPS can be found in [17] [18] [19] .
The internal connection diagram of the nanosatellite ESTCube-1 is shown in Fig. 5 . It includes all power and data buses between subsystems, which are stacked on top of each other using SAMTEC PC104+ connectors with four rows of 60 pins. The access port is a panel mounted Binder M9 IP67 series 712/702 with eight connections to various subsystems. 
Structure
The mechanical frame of ESTCube-1 is made from aluminium (alloy AW 6082-T6) as a mono-block structure to provide a more rigid structure with respect to the frame mass. The rails of the frame are anodized. The mass of the frame is 78 g, and the structural components weigh 287 g in total. Side panels are manufactured from the same type of aluminium and are 1 mm thick. Figure 4 shows an overview of the structural design. The antenna deployment system consists of antennas attached to the custom-made aluminium structure. This design allows two solar cells and a Sun sensor on all of the sides of the satellite. Two beryllium copper (type CuBe2) quarter wave monopole antennas are wound in the cavity of the antenna deployment system and fastened using a nylon wire, which is melted to deploy antennas using a resistive wire system. The antenna deployment system, located on side -Y, extends more than 6.5 mm along the surface normal, but is below the 9 mm maximum allowed by the ISIPOD CubeSat Deployer [23] . Deployment switches are Grayhill 39-1 and separation springs are from Heinrich Kipp Werk with the product number 03021-06.
Electrical power generation and distribution subsystem
The EPS of ESTCube-1 handles mainly power harvesting, storage, and distribution, and transmits the continuous wave (CW) beacon. The subsystem is powered by 12 solar cells, which produce a minimum of 2.4 W of combined electrical power at direct sunlight at the beginning of life. To harvest power from the cells efficiently, commercial Off-The-Shelf (COTS) MPPT integrated circuits from Linear Technologies (SPV1040) are used. This allows faster tracking speeds and better fault tolerance compared to MCU-based solutions while freeing up processor resources, since MPPT generally relies on the on-board processor to work [24] . Two cylindrical Li-ion battery cells (Panasonic P-CGR18650C) are used for power storage, providing a total of 15.5 Wh of energy storage in the expected conditions. The EPS supplies power to other satellite subsystems via 3.3 V, 5 V, and 12 V buses, while each subsystem is connected to those buses through current-limiting power switches. These switches automatically cut the power to consumers if the current limit is reached, providing some protection against latch-ups. Radiation in a polar LEO will cause both cumulative and single-event damage to the components of the EPS (referenced cumulative radiation dose with 1 mm of aluminium shielding is about 10 kRad for 3-year operation [25] ). To make a fatal failure due to radiation in the expected operational lifetime of two years less likely, several parts of the EPS were implemented in a redundant configuration (the regulators that power consumers were duplicated in a hot-redundant configuration and three MPPT integrated circuits were used). The EPS is controlled using an Atmega 1280 microcontroller, which has been previously tested for radiation dose damage [26] and found to be operable after doses of 18.3 kRad, making it suitable considering the expected mission lifetime. External Ferroelectric Random Access Memory (FRAM) is used to provide reliable operation via the provision of a non-volatile memory for data and firmware storage.
The power budget is presented in Table 2 . The subsystem is described in detail in [18, 19, 27] .
Command and data handling subsystem
The CDHS is the on-board computer, responsible for scheduling commands, logging mission and housekeeping data from active subsystems, storing images, and controlling payloads. The CDHS is based on two cold redundant STMicroelectronics STM32F103 microcontrollers that share three serial flash and six FRAM devices. The CDHS has three data interface types with other ESTCube-1 modules: Serial Peripheral Interface (SPI), Inter-Integrated Circuit (I 2 C), Universal Asynchronous Receiver/Transmitter (UART), which are organized into several logical buses. The FreeRTOS operating system is used to fulfil requirements of realtime operations, processing capacity, and memory footprint. The CDHS is described in detail in [17] .
Communication subsystem
The ESTCube-1 Communication subsystem (COM) has an uplink on a 2-metre amateur radio band (145 MHz band, 1200 baud 2-frequency-shift keying (2-FSK) with deviation of ±1 kHz) and high speed downlink on 70 cm amateur radio band (437.505 MHz, 9600 baud raised cosine filtered 2-FSK with deviation of ±3.5 kHz) using two integrated transceiver circuits ADF7021 from Analog Devices. Both up-and downlink use AX.25 unnumbered information frames (http://www.tapr.org/pdf/AX25.2.2.pdf) as a transport protocol. A slow secondary downlink channel is implemented as a radio beacon on a 70 cm band (437.250 MHz) and uses a CW signal to transmit telemetry in Morse code, which is robust and easy to receive and decode. Quarter wave monopoles are used as antennas for both up-and downlink. A power amplifier on the satellite provides up to 500 mW for data downlink, and a preamplifier provides 18 dB amplification for uplink. The transmit power of the CW beacon is 100 mW. Due to the shared Radio Frequency (RF) chain the beacon and the primary downlink cannot be transmitted simultaneously. The Texas Instruments MSP430F2418 MCU is used on the COM.
The primary downlink channel and radio beacon operation are divided between the COM and the EPS. They share the same downlink RF chain, which includes a power amplifier, a power measuring unit, and a transmitting antenna. In the case of a failure in the COM MCU or the transceiver circuit, the EPS would still be able to transmit the radio beacon because the final RF power amplifier stages are powered independently from the COM MCU.
Inside the satellite, antennas are connected to the COM PCB via 0.81 mm flexible coaxial cables. For downlink, an antenna impedance matching circuit has been used to achieve maximum transmission efficiency.
Attitude determination and control subsystem
The ADCS design has been driven by the requirement to spin up the satellite to one revolution per second, with controlled alignment with the polar axis of the Earth with a pointing error of less than 3 • . The attitude control subsystem uses electromagnetic coils developed in-house. Attitude estimation is performed on board using data from in-house developed Sun sensors and COTS gyroscopic sensors and magnetometers. Processed sensor readings are provided to an unscented Kalman filter to determine the attitude. Each Sun sensor is based on two analogue Hamamatsu S3931 positionsensitive detectors. An analogue solution provides low power consumption and sufficient sampling frequency. Sun sensors are lightweight and are able to measure Sun direction with an expanded uncertainty of 2.5 • . Honeywell HMC5883L magnetometers and Invensense ITG-3200 gyroscopic sensors are used. ADCS calculations are performed on the CDHS. According to simulations, the ADCS is able to spin up the satellite in less than eight orbits. The subsystem is described in detail in [13, 14] .
Payload
The ESTCube-1 payload contains an aluminium E-sail tether, a motorized reel on which it is stored, and the motor drive electronics. During the experiment 10 m of the tether will be deployed. The two-filament tether consists of a 50 µm base wire and 25 µm loop wire. An additional mass of 1.2 g, called the end mass, has been added to the tip of the tether to assist with the centrifugal deployment of the tether. During the E-sail experiment the tether will be charged to a 500 V potential and both polarities will be tested separately. The voltage is provided by a dedicated high voltage source and delivered to the tether through a slip ring contact. When the positive voltage is applied, on-board cold cathode electron guns are needed to remove the excess electrons to maintain the positive voltage of the tether. The subsystem is described in detail in [12] .
Tether end mass imaging subsystem
The CAM is a low power camera module capable of taking 10-bit images with a 640 × 480 pixel resolution. The subsystem enables the monitoring of tether deployment by imaging the 12 mm diameter matt aluminium end mass. The CAM is also used to take images of the Earth for outreach and educational purposes. The design features an Aptina MT9V011 image sensor, a STMicroelectronics STM32F217ZG processor, an external ISSI IS61WV102416BLL-10TLI Static Random-Access Memory (SRAM), an Edmund Optics NT57-908 lens with a focal length of 4.4 mm, as well as a 25% neutral density (ND) filter and a 700 nm infrared (IR) cut-off filter. The subsystem is described in detail in [15] .
SYSTEM LEVEL TESTING
ESTCube-1 has been tested to meet the requirements of the Vespa secondary payload platform of the Vega rocket [28] . The following system level tests were carried out to qualify for the launch: sine vibration, random vibration, shock, thermal cycling, and thermal vacuum. Individual tests performed separately on subsystems can be found in the relevant articles [12, 14, 15, 17, 19] .
Parameters for sine and random vibration tests can be found in Tables 3 and 4 , respectively. Levels must be applied along each of the three axes. In the case of the random vibration test, the duration was 4 min for each frequency. The satellite passed the tests.
Acceptance shock tests were performed at Testing Hammer for extraOrdinary Rough environments (THOR), the metal-to-metal impact shock test facility of the ISIS company [29] . The satellite had to qualify for three frequencies of 100 Hz, 800 Hz, and 1000 Hz in the shock response spectra with amplitudes of 30 g, 1410 g, and 1410 g. ESTCube-1 successfully passed two shocks at all frequencies in each of the three orthogonal axes without any remarks. Thermal vacuum test temperature levels ranged from −10 • C to +70 • C and two cycles had to be performed. The spacecraft had to be kept 2 h at minimum and maximum temperatures. The temperature rate when heating had to be less than 20 • C per minute and when cooling 2-3 • C per minute. The pressure was in the order of 10 mPa. The thermal cycling test had the same parameters except that the atmospheric pressure was normal. These tests were performed in laboratories at Tartu Observatory. No visual or performance degradation to satellite hardware was detected.
CONCLUSIONS
The satellite ESTCube-1 has been developed over a period of five years to perform the first in-orbit demonstration of E-sail technology. The satellite has passed all validation tests and was successfully launched on-board the Vega VV02 rocket on 7 May 2013, 2:06 UTC.
Satellite subsystems were verified during the early orbit phase. The EPS and the COM have been tested and found to be able to perform the required operations. The CDHS is fully functional. On-board attitude determination is fully functional, except that one Sun sensor is not working, but this is not a critical malfunction. Attitude control is being tested. More than 180 images of the Earth have been acquired by the CAM since the start of operations. Those images verify that the subsystem is able to control the exposure time and gain parameters for taking quality images of the Earth. The CAM sensor has not been damaged by exposure to direct sunlight. On-board images have also been used to verity attitude determination. The firmware of the EPS, CDHS, and CAM is updated from the ground station. The 
